ABSTRACT: Acute ischemic stroke continues to be a very severe disorder that has significant impact on human health. Its treatment options are limited and alteplase remains the only American Food and Drug Administrationapproved drug for patients with acute ischemic stroke. Furthermore, intravenous thrombolysis remains substantially underutilized, because it has rigorous indications and contraindications. Most patients simply do not meet these criteria and cannot receive thrombolytic treatment. Guidelines in many countries currently include a history of stroke within months as one of the exclusion criteria for intravenous thrombolysis. Although this is based on previous data, it lacks strong evidentiary support. Several recent studies suggested that intravenous thrombolysis may be beneficial for this patient population. We reviewed relevant publications of intravenous thrombolysis or repeated intravenous thrombolysis in patients with a history of stroke in the past 3 months. We found that intravenous thrombolysis in these patients is not as hazardous as previously believed. Among patients with relatively small infarctions and a good prognosis, intravenous thrombolysis may be a good treatment option. We hope that more research will be carried out on this topic to reexamine the criteria for intravenous thrombolysis to allow more patients to benefit from treatment.
has exceeded that of cancer and cardiovascular disease. It has become the number one cause of death in China and the fourth in the United States. On average, one person has a stroke every 40 seconds and one dies from it every four minutes [1] . In 1996, the US Food and Drug Administration approved the intravenous application of recombinant tissue-type plasminogen activator (r-tPA) for patients with acute ischemic stroke. Since then, there are 20 years of real-world data that has repeatedly demonstrated its safety and efficacy [2] . Although there are great debates on whether combining IVT to mechanical thrombectomy in large vessel occlusion stroke, treating acute ischemic stroke patients with r-tPA intravenous thrombolysis within 4.5 h of onset remains standard management in many countries [3] [4] [5] . However, intravenous thrombolysis remains substantially underutilized. Even in US Joint Commission's certified primary stroke centers, less than 6.7% of patients with acute ischemic stroke received r-tPA intravenous thrombolysis [1, 3, 4, 6] .
There are many factors associated with this trend, including the clinician's lack of understanding of the importance of intravenous thrombolysis and patients' refusal of thrombolysis based on the risk for hemorrhage. However, the most important reason may be that intravenous thrombolysis has rigorous indications and contraindications, and most patients do not meet these criteria. Guidelines from the United States, Europe, Australasia, and China currently recommend that a history of stroke in the previous 3 months as a contraindication for intravenous thrombolysis [3, 4, 7] . In the United States, there are approximately 795,000 new patients with stroke or recurrent stroke annually, including 87% of patients with ischemic stroke [1] . According to data from the Oxfordshire Community Stroke Project (OCSP) and the Oxford Vascular Study (OXVASC), the rate of stroke recurrence within 3 months is as high as 14.5-18.3% [8] . It is estimated that every year there is approximately 125,000 patients with acute ischemic stroke who will not receive intravenous thrombolysis because of an occurrence of stroke within the past 3 months. Nowadays, although direct mechanical thrombectomy is an alternative in patient's ineligible to intravenous thrombolysis, mechanical thrombectomy is only suitable for patients with proximal occlusions of the major intracranial arteries which is only eligible for about 7% of ischemic strokes [9] .
The exclusion criteria of intravenous thrombolysis were established more than 20 years ago. The NINDS trial [10] , which began in 1991, speculated that intravenous rtPA thrombolysis for a recurrence acute ischemic stroke within 3 months may increase the risk of hemorrhage and considered it to be a contraindication. The results showed that patients treated with r-tPA were at least 30% more likely to have minimal or no disability at three months, compared with patients given placebo. The mortality rate of the two groups was similar, however the incidence of sICH within 36 hours was higher in the r-tPA treated group (6.4% vs 0.6%, P<0.001) [10] . Subsequent studies evaluating the efficacy of intravenous thrombolysis in patients with acute ischemic stroke in terms of time windows and dosage of r-tPA were designed to follow the exclusion criteria of NINDS trial, which were never questioned [11] [12] [13] . While the IST-3 study included 399 patients with a history of stroke within > 14 days, no outcome was reported for this group of patients [14] . Therefore, why is a history of stroke in the past 3 months an exclusion criteria, and why has it not been changed after more than 20 years?
A history of stroke in the previous 3 months used as an exclusion criterion due to the concern of bleeding for intravenous thrombolysis seems reasonable superficially. However, is it evidence-based? Is it reasonable to exclude all patients with a history of stroke in the past 3 months, no matter the severity and prognosis of the index stroke? Are we being too cautious when excluding such a large patient population who may benefit from this treatment? Thus, there are two questions that need to be answered. First, whether intravenous thrombolysis increases the risk for hemorrhage in patients with a history of stroke in the past 3 months？Second, are there patients who can still benefit from intravenous thrombolysis?
Does intravenous thrombolysis increase the risk for hemorrhage?
Surprisingly, the answer does not seem to be "yes." r-tPA can directly activate plasminogen into plasmin, while thrombolysis occurs, simultaneously increasing the risk for hemorrhage [10, 12] . r-tPA is the only drug approved by the Food and Drug Administration for the treatment of patients with acute ischemic stroke, because of the benefits of recanalization. From a pathophysiology perspective, excess perfusion after recanalization of local vascular occlusion as well as various mechanisms and factors involved in ischemic/reperfusion cascade lead to the damage of the blood-brain barrier and dysfunction of the vascular basal lamina, which may cause ICH [15, 16] . Therefore, ICH can theoretically occur in the blood supply area of the occluded blood vessels. For example, in the PROACT II trial, all the ICH occurred in the infarct region [17] . In clinical practice, it is also observed that a small number of hemorrhage occurs outside the infarction after thrombolysis (<3%) [13, 18] . Post thrombolysis hemorrhage may also be related to cerebral amyloid angiopathy [19] , leukoaraiosis [20] , or microhemorrhages [21, 22] , yet the exact mechanism remains unclear [15, 23] . Therefore, the exclusion criteria in previous studies and clinical practice may infer that the damage of bloodbrain barrier and vascular basal lamina caused by previous infarction have not yet fully recovered, and thus, intravenous thrombolysis may increase the risk for hemorrhage in these areas. However, the point of contention is that the recovery of these physiological functions may not take up to three months [24] . In mouse experiments, the results showed that when the blood-brain barrier was damaged, nearby microglia could be quickly mobilized to repair the damage. In most cases, the integrity of the blood-brain barrier was restored in 10-30 min [25] . A histopathological study of patients with acute ischemic stroke showed that neutrophil infiltration in the lesion area is observed 24-48 h after infarction. Fortyeight hours post-infarction, neutrophils are gradually replaced by phagocytic cells. Ten days after infarction, the lesion area begins to liquefy, followed by decreased phagocytic cell proliferation. In the lesion area, astrocytes hyperplasia then occurs, and cyst formation starts approximately three weeks post-infraction. The bloodbrain barrier is quickly destroyed in the early stages of ischemia, but can be gradually restored in a few days [26] . Although large vessel occlusion stroke and distal vessel occlusion stroke have different restoration stage theoretically, present studies did not distinguish this situation. Okada et al. [27] evaluated the computed tomography and angiography imaging of 160 patients with hemorrhagic transformation in cerebral embolism. The results showed that all hemorrhagic transformations occurred within 1 month. Similar results have been obtained in other studies [28, 29] .
Heldner et al. [30] assessed 1217 patients with thrombolysis, including 17 (1.4%) patients with a stroke within the past 3 months. They found a higher proportion of symptomatic intracranial hemorrhage (sICH) in these patients (11.8% vs. 6%), a higher mortality rate (41.2% vs. 22.7%), and a lower proportion of good prognoses (29.4% vs. 48.9%). However, the baseline data were significantly different between the two groups. Thus, the authors did not compare the data statistically. In the study, the number of cases differed significantly between the two groups (17 vs. 1200). In the group of patients who had a stroke in the previous 3 months, it was noted that most of the patients had basilar artery occlusions (41.2% vs. 10.8%), and a higher mean time from symptom onset to thrombolysis (321 min vs. 262 min). We understand that the longer the time from stroke onset to treatment, the greater the risk for a secondary sICH may be associated with r-tPA [31] . Of 17 patients, seven received r-tPA intravenous thrombolysis, nine endovascular treatment, and one bridging therapy. Therefore, the aforementioned results cannot fully represent the prognosis of intravenous thrombolysis. At the same time, analyses of the hemorrhage area indicated that for patients with a history of strokes within 3 months, sICH did not occur in previous infarct areas after intravenous thrombolysis. The higher mortality in the group with recent stroke was influenced by four patients who died before discharge due to acute major index stroke. Finally, we have concluded that the poor prognosis of these patients was not attributable to their previous stroke occurrence within the past 3 months. In addition, we recommend that further evaluation of the benefit-risk ratio of intravenous thrombolysis for this group of patients should be conducted in future clinical studies. Alhazzaa et al. [32] analyzed all the 2008-2012 thrombolysis data from the Ottawa Hospital Research Institute. They have found that six patients had a stroke in previous three months prior to intravenous thrombolysis (3 case of repeated intravenous thrombolysis). The results showed that 3 patients developed petechial hemorrhage. The hemorrhage occurred within the area of subacute infarction, but all were asymptomatic. None of the patients had symptomatic intracranial hemorrhage or early neurological deterioration at 24 hours. At 3-month follow-up, 3 patients had an mRS of ≤2. Similar results were reported by Karlinski [33] and Kahles [34] , they found that intravenous thrombolysis in patients with prior strokes in previous 3 months did not increase the risk of sICH.
However, the studies above were mostly retrospective and the samples were small. Selection bias may exist in these cases because researchers are more likely to publish results that are different from currently established findings. In other words, if ICH occurs after thrombolysis in patients with a history of stroke in the past 3 months, most researchers would take this for granted and choose not to publish the result. Therefore, conservatively, we have not noted sufficient evidence to supports the notion that patients with a history of stroke in the past 3 months have a higher risk of sICH after intravenous thrombolysis than those who did not have a previous history of stroke, especially within 3 months. By the way, the ENCHANTED study found that fewer symptomatic intracerebral hemorrhages with low-dose alteplase group compared with standard-dose group [35] . A prospective trial comparing low-dose alteplase with standard-dose in recurrent stroke is warranted.
Can intravenous thrombolysis benefit patients with a stroke in the past 3 months?
Even though the proportion of favorable outcomes is lower [36, 37] , and the mortality rate is higher in patients with repeat strokes receiving intravenous thrombolysis [38, 39] , compared with patients with first-time strokes, the potential benefit of revascularization cannot be disputed. This may also be the case in patients with history of stroke within 3 months. Karlinski et al. [33] retrospectively analyzed the data in the Safe Implementation of Thrombolysis for Stroke database, which consisted of 13,007 cases of patients with thrombolysis from 12 countries in central and eastern Europe between October 2013 and July 2014. Overall, 11,221 (86%) patients had no history of stroke and 249 (2%) had a stroke in the past 3 months. The results showed that the proportion of patients with a good prognosis after intravenous thrombolysis (mRS 0-2), the likelihood of sICH, and 7-day and 3-month mortality rate did not significantly differ between patients with and without history of stroke in the past 3 months. Adjusted logistic regression showed that prior stroke in the past 3 months was not a risk factor for sICH, poor prognosis, or death. Subgroup analysis showed that the severity of stroke and the NIHSS score prior to intravenous thrombolysis also were not factors that influenced prognosis. The IST-3 study selected patients who had a stroke within 14 days as an exclusion criterion for intravenous thrombolysis, and the results showed that benefits and side effects of intravenous thrombolysis were not significantly different from those of previous studies using prior strokes within 3 months as an exclusion criterion [14] .
Repeat intravenous thrombolysis for recurrent stroke within 3 months
Whether a patient can benefit from repeat thrombolytic therapy within 3 months for a recurrent ischemic stroke needs further evaluation. In fact, repeat thrombolysis within 3 months may raise the concern for the risk of hemorrhage. Despite the short half-life of r-tPA (4-5 min), animal models studies have indicated that r-tPA can exacerbate the blood-brain barrier damage with additional neurotoxic effects [40] .
Kahles et al. [34] analyzed 19 subjects with recurrent ischemic stroke within 3 months who received repeat intravenous thrombosis. These patients had an average age of 68±12 years. The median infarct volume after the first intravenous thrombolysis was 1.5 cm 3 (interquartile range, 0.5-3.1) and median interval between the twointravenous thrombolysis 30 days (interquartile range, . The results showed that the ratio of good prognoses after the first and second intravenous thrombolysis were 79% and 47%, respectively, and sICH was not observed in any patients after repeat thrombolytic treatments. One patient died after the second thrombolysis from the rupture of a previously unidentified infrarenal aortic aneurysm. This study suggests that repeat intravenous thrombolysis within 3 months appears to be feasible in patients with small infarction and shows a good prognosis. Sposato et al. [41] reported a patient with acute cerebral infarction due to atrial fibrillation, whose symptoms worsened due to an embolism 110 h after the initial intravenous thrombolysis. Thus, the patient received a repeated r-tPA intravenous thrombolysis. Unfortunately, the repeated thrombolysis caused hemorrhagic transformation of the infarction area. The patient eventually died of pneumonia and other complications 25 days after admission. However, it is worth noting that the second thrombolysis was performed 4 h after the symptoms worsened, and a standard dose of r-tPA was used. The data from the majority of other cases supported repeat intravenous thrombolysis within 3 months or even earlier as a safe and feasible option [32, [42] [43] [44] [45] . There are relatively fewer reports of repeated intravenous thrombolysis within 3 months (approximately 30 cases), and only one case with a poor prognosis is reported. Thus, based on the evidence available, it appears that repeated intravenous thrombolysis within 3 months is not as hazardous as imagined. Nonetheless, we should still be aware of the aforementioned publication bias. Keystudies are summarized in Table 1 .
Is it time to reconsider the inclusion criteria and exclusion criteria of intravenous thrombolysis?
More than 20 years of real-world application have accumulated a lot of data for us to analyze r-tPA intravenous thrombolysis and consider revision of the guidelines and recommendations for its application [46] . In 2012, a study of 1919 patients who did not fully meet the inclusion and exclusion criteria of intravenous thrombolysis was conducted. The results showed that general off-label r-tPA use did not correlate with sICH, mortality, and poor prognosis [47] . In a similar study, data from 500 patients who received intravenous thrombolysis were analyzed. Overall, 237 (47.4%) cases were not fully compliant with the current European r-tPA license. The results showed no significant differences of clinical outcomes at 24 h between off-and on-label thrombolysis [48] . A registry-based analysis of data form Poland indicated that off-label r-tPA use did not promote sICH, mortality, and poor prognosis. Subgroup analyses have shown a trend of increased mortality (OR 3.48, 95% CI: 0.96-12.7) and poor prognosis (OR 4.07, 95% CI: 0.97-17.1) in patients with strokes in the previous 3 months. However, the difference was not statistically significant (P = 0.058 and 0.055 respectively) [49] . Meretoja et al. [50] analyzed intravenous thrombolysis data from 1995 to 2008 in the Helsinki University Central Hospital. A total of 499 patients received intravenous thrombolysis, while not fully meeting the criteria recommended by the guidelines. Statistical analysis showed that intravenous thrombolysis performed outside the guideline did not increase the prospect of poor prognosis or sICH.
For patients who did not meet the criteria for intravenous thrombolysis, Frank et al. compare 1946 patients who received thrombolysis with 4285 patients who did not have the treatment. The results showed that the prognosis of patients who had intravenous thrombolysis was significantly better than those who did not [51] . These results suggest that intravenous thrombolysis performed outside the guideline is not as hazardous as imagined.
Should we consider changing some of these inclusion criteria and exclusion criteria? We are pleased to see that some changes are happening, and researchers are questioning some of these standards [52, 53] As part of prospective and retrospective studies, a number of researchers have demonstrated that the efficacy and prognosis of the treatment remains unaffected if coagulation and biochemical tests were not carried out prior to intravenous thrombolysis [54, 55] . The Japanese r-tPA intravenous thrombolysis guideline has set prior stroke in the previous 1 month as an exclusion criterion [56] . Furthermore, a history of past strokes has been completely removed from the contraindication of r-tPA, according to an updated FDA label of February 2015.
Future directions
Although the current evidence is insufficient to address whether intravenous thrombolysis can be performed in patients with a prior stroke in the previous 3 months, it is evident that this one-size-fits-all criterion will exclude potentially eligible patients. The prognosis of intravenous thrombolysis in patients with prior strokes in the past 3 months may be related to the initial treatment of the infarction, the size and prognosis of the initial infarction, the duration between the two incidences, functional recovery (mRS) between the two strokes, the presence or not of any ICH after the first stroke and the dosage of alteplase administered for the second thrombolysis. In addition, multi-modality imaging examination may also provide guidance to thrombolysis [43, 57] . Future studies should focus on this group of the patients, and select those suitable for intravenous thrombolysis treatment. In addition, the appropriate dosage for intravenous thrombolysis, especially the repeat dosage, should also be explored.
Conclusion
In summary, it is possible that due to the restriction of current guidelines, data on patients with recent strokes who received intravenous thrombolysis is still very limited; this is reflected in the registry database of daily clinical practices [13, 58] . However, the limited evidence showed that the administration of intravenous thrombolysis to patients with a prior stroke in the past 3 months is not nearly as hazardous as imagined. Patients with small infarction and favorable outcome should be considered for repeat intravenous thrombolysis as a treatment option. More studies are needed to address the inclusion and exclusion criteria of intravenous thrombolysis. Therefore, this effort should enable more patients with acute ischemic stroke to receive appropriate treatments.
